; it is located between rep and rho, at 84.7 min on the E. coli chromosome (1) and is transcribed in the same direction as rho. The fip protein is small (12.5 kilodaltons) and cytoplasmic (19) .
Bacterial mutations that restrict bacteriophage development are often subtle, sublethal changes in essential genes (2, (4) (5) (6) (7) . We were interested in determining whether the fip gene product is essential and what role it plays in the life of the cell. To accomplish the first goal, we replaced the chromosomal gene with a nonfunctional copy of the gene cloned in a polA-dependent plasmid. The method involves integrating the cloned inactive gene (with plasmid) into the chromosome (8, 9, 23) and then selecting for cells in which the plasmid has excised. Within this population are cells in which the nonfunctional gene copy is in the chromosome and the functional gene is in the plasmid. Such chromosomal mutant copies can be transduced by phage P1 into the chromosome of a polA+ recipient strain. Successful transduction into strains that contain two or more functional copies of the gene, but not into strains that contain a single wild-type gene copy, indicates that the gene is essential. This procedure ensures the presence of a functional gene copy at all times, so that cells with an inactive copy of an essential gene in the chromosome can be recovered. With this technique, we show that cells lacking an intact fip gene are viable, whereas those lacking an intact rho gene are not.
Gutterson and Koshland (9) have also used plasmid integration as a method for gene inactivation; however, their method is applicable only to nonessential genes.
MATERIALS AND METHODS
Bacterial strains, phage, and plasmids. The bacterial strains, phage, and plasmids used are listed in Table 1 . Bacteria were routinely grown in Ty medium or on Ty plates (13) , except for transduction mixtures, which were plated on minimal medium plates as described previously (18) . Plasmid pEG25, obtained from S. Adhya, contains a HindIII-PvuII fragment from the E. coli chromosome that includes a complete rho gene; this fragment replaces the HindIII-PvuII tet gene fragment from pBR322. Plasmid pSKS101 was * Corresponding author.
kindly provided by M. Casadaban (20) ; it contains the kan gene derived from TnS flanked by EcoRI-BamHI-SalI-PstI polylinkers in a pBR322-derived Ampr vector.
DNA manipulations. Plasmid and fl phage replicative-form DNA were prepared as described previously (19) . Transformation was by the method of Mandel and Higa (14) . Standard procedures (15) were used for restriction enzyme digestions, nuclease S1 digestion, ligations, ethidium bromide-agarose gel electrophoresis, and Southern transfer and hybridization.
Immunoblot procedure. Cell lysates were electrophoresed on a 6 M urea-sodium dodecyl sulfate-acrylamide gel (20% acrylamide/0.075% bisacrylamide) containing 0.09 M NaCl. The gel slab was briefly swollen in water, carefully placed on two nitrocellulose sheets (0.45-,um pore size; Schleicher & Schuell), and sandwiched between several pieces of filter paper (Whatman 3MM) cut to the size of the gel. Electrophoretic transfer and immunological transfer of protein were essentially as described by Haid and Suissa (10) , with the following modifications: (i) no methyl green was used; (ii) the transfer buffer was 20 mM sodium phosphate (pH 8.0); (iii) transfer was for 2 to 3 h at 300 to 400 mA; (iv) all incubations of the nitrocellulose sheet were in phosphatebuffered saline plus 10 mM Tris-hydrochloride (pH 7.5)-0.1% Triton X-100-0.02% sodium dodecyl sulfate-2.5 mg of gelatin per ml (PBS-M); (v) the nitrocellulose sheet was preadsorbed with PBS-M containing 2.5 mg of bovine serum albumin per ml, fraction V (Pentex), before antibody addition; and (vi) the second antibody was affinity-purified, horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (Jackson Immuno Research Laboratories, Inc.).
RESULTS
Construction of an interrupted clonedfip gene. Thefip gene has been cloned in pBR325 and subcloned in phage fl (19) . The single AvaII restriction endonuclease cleavage site in one such subclone, R316, is located within the 300-to 400-base-pair fip coding region (19 (Fig. 4) . The 3.4-kb fip-containing fragmefit was transformed by pPMR5-fip::kan at the permissive temperature (30'C). Clones in which the plasmid had integrated into the chromosome were selected and purified on tetracycline-chloramphenicolkanamycin plates at 42°C, and cells in which the plasmid had excised were selected by culturing a 420C survivor at 300C. A phage P1 lysate (no. 1) prepared on this 30°C culture was used to transduce K817(pPMR7) (ilv cya chromosome; anxpfip+ plasmid) to ivl cya+ or ilv+ cya+ kan. Transductants were scored for Tcs and Cm', and a Kanr Tcs Cms transductant was purified. The P1 lysate (no. 2) prepared on this isolate was used to transduce K817(pPMR7) and K817 to Kanr. cloned in pPMR5 (lane c) was detected at lower abundance in wild-type E. coli DNA Gene replacement procedure to define essential genes. Because the procedure we developed was intended to determine whether a particular cloned gene is essential in E. coli and thefip gene was dispensable, we wanted tp confirm the method with a gene known to be essential. We chose the rho gene for this purpose (3, 11) . pEG25 is a pBR322-derived plasmid that contains an intact, functional rho gene (S.
Adhya and E. Gulletta, personal communication ). It contains only two HpaI sites, which are located a few base pairs apart in the first third of the coding region of rho (17) . The kan gene of pSKS101 was cloned into rho at the HpaI sites by using BamHI linkers, the rho::kan plasmid was forced into the chromosome, and a P1 lysate was prepared, all as described above for fip. Strain K844, which contains two copies of rho by virtue of a second copy carried on the lysogenized tranducing phage A dilv62 (22) (16) reported that the efficiency of plasmid transduction by Pl is very low for plasmids of less than 18 kb, but becomes more efficient as the plasmid size increases. We found that free pPMR5-fip::kan (11 kb) was transduced about as efficiently as a chromosomal marker, whereas smaller plasmids were transduced at the lower limits of detection (data not shown). Cotransduction of chromosomal and plasmid markers was not observed when the donor cells contained only free (nonintegrated) plasmids. Thus, the use of flanking chromosomal markers to select for transduction of the fip::kan gene replacement simplifies the analysis but is not required. Direct selection for Kanr followed by screening for the loss of vector (antibiotic) markers should be sufficient to identify cells which have undergone gene replacement.
We chose to replace the chromosomal fip gene by a null allele with a selectable phenotype. It should be possible, however, to introduce mutant genes with less drastic alterations. Two of the six transductants that had lost the vector markers had undergone chromosomal gene replacement.
Thus, screening alone should be sufficient to detect the desired recombinant among the segregants. If outside markers with which to cotransduce the mutant gene were not available, a selectable marker (such as the kan gene), inserted in a nonessential region of the cloned homologous DNA segment near the mutated gene of interest, would be essential. This method should also be useful for transferring a chromosomal mutation onto a plasmid containing the cloned wild-type gene. About half the plasmids resulting from the resolution of an integration event should contain the mutant allele.
With the use of this gene replacement technique, the fip gene has been shown to be nonessential for cell viability, although fip-null mutants grow poorly. The fip-null mutants are being examined in an attempt to determine the basis of this physiological effect. Initially we had thought that the fip gene product might be involved in the assembly of pili; however, A179 supports the growth of the male-specific phage f2 with high efficiency and acts as an effective host for an fl phage which carries its own copy of the fip gene and transfers its genetic markers as effectively as the parent (data not shown). Thus, pilus assembly does not seem to require fip function.
After this manuscript was submitted, we found that thefip protein is bacterial thioredoxin. Evidence for this assertion will be published separately.
